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Feedback-mediated reduction in glomerular filtration rate during
infusion of hypertonic saline. An acute rise in plasma sodium concentra-
tion from 146 2.6 to 155 1.7 was produced in rats by the intraarterial
infusion of 0.6 M sodium chloride (0.25 mI/mm for 4 mm followed by
0.25 ml/hr). A parallel fall in whole kidney GFR (from 0.45 0.02 to
0.36 0.04 mI/mm per 100 g of body wt) and SNGFR measured in the
distal tubule (31.4 3.01 to 27.9 2.40 nl/min) was observed. In
contrast, proximally measured SNGFR (with feedback interrupted)
rose from 32.7 2.73 to 37.! 2.84 nI/mm. The loop of Henle flow,
determined from distal SNGFR and in late proximal fluid
collected without interrupting tubular flow, rose from 13.7 1.50 to
17.0 1.42 nl/min as a consequence of a fall in proximal reabsorptive
rate from 15.8 1.87 to 11.0 1.37 nI/mm. Intraarterial infusion of
hypertonic sodium bicarbonate resulted in comparable increases in
plasma sodium concentration and inhibition of proximal reabsorption
but did not produce a fall in filtration rate. We conclude (1) acute
infusion of hypertonic sodium chloride results in an inhibition of
proximal reabsorption and therefore in an increased rate of loop of
Henle flow, (2) this increase in flow causes a fall in GFR through the
tubuloglomerular feedback mechanism, and (3) acute infusion of hyper-
tonic sodium bicarbonate does not result in a feedback-mediated fall in
GFR, presumably because increased delivery of bicarbonate-rich fluid
does not activate the feedback mechanism.
Reduction par feed-back de debit de filtration glomerulaire au cours de
La perfusion de solute sale hypertonique. Une augmentation aigu de Ia
concentration plasmatique de sodium a été produite chez des rats par Ia
perfusion intraartérielle de chiorure de sodium 0,6 M (0,25 mI/mm
pendant 4 mm puis 0,25 ml/hr). Une diminution parallele de GFR du
rein entier (de 0,45 0,02 a 0,36 0,04 mI/mm par 100 g p.c.) et de
SNGFR mesuré dans le tube distal (31,4 3,01 a 27,9 2,40 nI/mm) a
été observée. Au contraire, SNGFR mesuré dans Ic tube proximal (avec
interruption du feed-back) a augmenté de 32,7 2,73 a 37,1 2,84 nl/
mi Le debit dans l'anse de Henle, déterminC a partir de SNGFR distal
et de (TF/P),UIiOe dans Ic liquide proximal tardif collecté sans interrup-
tiondel'ecoulement,aaugmentede 13,7 l,50a 17,0 l,42nl/minen
consequence de Ia diminution de Ia reabsorption proximale de 15,8
1,87 a 11,0 1,37 nI/mm. La perfusion intraartérielle de bicarbonate de
sodium hypertonique a pour consequence des augmentations compara-
bles de Ia concentration plasmatique de sodium et des inhibitions
comparables de Ia reabsorption proximale mais n'a pas produit de
diminution du debit de filtration glomerulaire. Nous concluons que (I)
Ia perfusion de chlorure de sodium hypertonique a pour consequence
one inhibition de Ia reabsorption proximale et par consequent one
augmentation du debit dans l'anse de Henle, (2) cette augmentation du
debit dans determine une chute de GFR par l'intermCdiaire du mCcan-
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isme de rétrocontrôle tubuloglomerulaire, et (3) Ia perfusion de bicar-
bonate de sodium n'a pas pour consequence une diminution de GFR par
l'intermCdiaire du rétro-contrôle, probablement parce que l'augmenta-
tion du debit de liquide riche en bicarbonate n'active pas le mCcanisme
de rétro-contrôle.
Administration of hypertonic solutions, including sodium
chloride, has been found to result in dilatation of isolated blood
vessels and decreased resistance to blood flow in many different
organs [1—71. Contrary to this general pattern, most observers
have found that the renal vasculature reacts to hypertonicity
produced by hypertonic sodium chloride with only a transient
vasodilatation that is then followed by a phase of vasoconstric-
tion [5, 8, 9]. In this phase, filtration rate is reduced [5, 8]. It has
been suggested that the direct relaxing effect of hypertonicity is
overcome in the renal vascular bed by specific intrarenal
mechanisms [5, 8—10]. The tubuloglomerular feedback system
is one intrarenal mechanism involved in setting and regulating
resistance in the renal circulation [11]. This mechanism pro-
duces an increase in the resistance of the glomerular microcir-
culation in response to increases in tubular flow rate through
the loop of Henle [12, 131. To the extent that administration of
hypertonic sodium chloride is associated with a reduction of
fluid absorption in proximal parts of the nephron, it is possible
that the vasoconstrictor response could be produced through
the feedback system. Reduced absorption of fluid by the
proximal tubule would elevate flow entering the loop of Henle
and could thereby initiate a feedback-mediated fall in glomeru-
lar filtration. Recent evidence of Gerber et al [91 supports this
possibility.
The present study was designed to test the hypothesis that
tubuloglomerular feedback is responsible for the fall in filtration
rate that occurs following the administration of hypertonic
sodium chloride. We have compared the effect of this interven-
tion on tubular flow and GFR in the presence and absence of an
operating feedback system. Previous studies of the tubulo-
glomerular feedback mechanism have established that changes
in glomerular function may be produced by varying the tubular
flow by microperfusion methods [12, 14—16]. The present
studies demonstrate the operation of the feedback mechanism
with alterations in tubular flow produced by a physiologic
mechanism.
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Methods
The experiments were done in male Sprague-Dawley rats
maintained on a laboratory chow containing 0.2 mEq of sodium
per gram. The animals had free access of food and water until
the morning of the experiment. Anesthesia was induced by i.p.
injection of 120 mg of mactin per kg of body wt. Polyethylene
catheters were inserted into the right jugular vein for infusion of
0.15 M sodium chloride or 0.15 M sodium chloride plus tritiated
inulin, into the left femoral artery for monitoring blood pressure
and withdrawal of blood samples and into the right femoral
artery for the infusion of 0.6 M sodium chloride or sodium
bicarbonate solutions. This catheter was moved up the aorta
until its tip was positioned proximal to the origin of the renal
artery. The i.v. maintenance infusion was a saline solution
infused at a rate of 1.3 mI/hr to which tritiated inulin in a
concentration of 150 p.Ci/mI was added after completing sur-
gery. The intraaortic line was kept patent by infusing 0.15 M
sodium chloride at a rate of 0.25 mI/hr. To prepare the left
kidney for micropuncture, a flank incision was made; the
kidney was freed from perirenal fat and tissue connections,
placed in a plastic (Lucite) cup and covered with warrri
mineral oil. The ureter was cannulated and the urine collected
in tared glass tubes containing 2 ml of water. Distal and
proximal tubular segments were identified on the kidney sur-
face by i.v. injections of 10% lissamine green.
Collections of tubular fluid, plasma, and urine were obtained
during a control period of 45 to 60 mm. Then 0.6 M sodium
chloride or sodium bicarbonate was infused through the in-
traaortic line at a rate of 0.25 mI/mm until 1.0 ml was given; then
the infusion rate was reduced to 0.25 mI/hr. Collections were
then repeated. In 6 of the 10 rats infused with 1 ml of 0.6 M
sodium chloride over 1 mm followed by a maintenance infusion
at 0.25 mI/hr. plasma sodium concentration was increased by at
least 3 m after 15 mm and remained elevated for the subse-
quent 60 mm. In the other four experiments, plasma sodium did
not increase; these rats were excluded from further study. In 4
rats infused with 0.6 M sodium bicarbonate, the plasma sodium
concentration increased by at least 7 m.
Tubular fluid samples were obtained from late proximal and
early distal segments. In the case of proximal collections the
tubular segment was punctured first with a long-tipped pipette
(O.D., 5 p.m) connected to a pressure manometer. No block
was injected from this pipette, and sufficient back pressure was
applied to permit only a slow entry of fluid into the collection
pipette. The rate of collection from these unblocked nephrons
varied between 2 to 5 nI/mm, and the time of collections was 5
to 7 mm. After the incomplete collection, a second pipette
(O.D., 10 to 12 p.m) was inserted at the same site and was used
to inject an oil block and then to collect fluid quantitatively.
Complete fluid collections were also obtained from distal seg-
ments using pipettes with an O.D. of 7 to 8 p.m and oil blockade
to prevent retrograde contamination. Tubular fluid volumes
were measured in a constant bore tube and then transferred
into counting vials containing 1.5 ml of water. After 5 ml of
Aquasol was added, radioactivity was counted in a liquid scin-
tillation counter. All samples had an activity of at least twice
background. Plasma and urine radioactivity was measured
in I-pA samples using the same scintillation fluid and counter.
Sodium concentrations were determined by flame photome-
try.
Kidney GFR was determined by tritiated inulin clearance.
The late proximal flow rate in blocked tubules (VLpB) was
taken as the measured volume divided by the collection time.
SNGFR was calculated as the product of tubular fluid-to-
plasma (TF/P) radioactivity ratios and fluid collection rates
from blocked distal or proximal tubules. The late proximal flow
rate in unblocked tubules (VLPFF), was determined from the
mean distal SNGFR in each rat and the late proximal
(TF/P)3HIfl ratio of the incomplete collections. Absolute proxi-
mal reabsorption (iv) was calculated as the difference between
SNGFR and late proximal flow rate. Fractional reabsorption
was determined from the formula, FR = (1 — (P/TF)1) x 100%.
Differences between means were evaluated by Student's t test
using paired analysis unless otherwise indicated.
Results
Hypertonic sodium chloride. In 6 rats infused with 0.6 M
sodium chloride, the plasma sodium concentration increased
from 146 2.6 to 155 1.7 m (Table 1). Hematocrit did not
change significantly, averaging 47.4 0.8% in the control
period and 47.4 0.8% in the experimental period. Kidney
GFR in these rats decreased from 0.45 0.02 to 0.36 0.04 ml!
mm per 100 g of body wt. Collections obtained from distal
tubular segments showed that SNGFR fell in 4 out of 6 animals
following the administration of hypertonic sodium chloride
(Table 1). On average, the distal SNGFR decreased from 31.4
3.01 to 27.9 2.4 nI/mm. The mean fall of distal (TF/P)1 from
7.28 1.35 to 4.61 1.02 was of borderline significance (0.1 >
P 0.5). The fall in filtration rate was found to depend upon
maintenance of delivery to fluid to the distal tubule. In contrast
to distal collection results, hypernatremia increased the proxi-
mally measured SNGFR (Table 1) from 32.7 2.73 to 37.1
2.84. It is to be noted that in experiments 5 and 6, in which the
fall in distally measured SNGFR was small or absent, proximal-
ly measured SNGFR rose markedly. VIPB, the late proximal
collection rate in blocked tubules (Table 2), increased from
15.7 1.43 to 26.2 1.79 nllmin. Contributing to this change
was the increment in filtration rate and a significant reduction of
proximal fluid reabsorption, JVB, from 17.0 1.59 to 10.9
1.84 nI/mm.
Results obtained from incomplete fluid collections in the late
proximal segments are also shown in Table 2. In the control
phase, the (TF/P)1 ratio of 2.2 0.15 in the incomplete (free
flow) samples was not significantly different from the value of
2.1 0.09 found in the complete (blocked) collections. Like-
wise, late proximal flow rates and fluid absorption rates were
not significantly different from when calculated for blocked or
free-flow states. In contrast, during hypernatremia (TF/P)111 in
incomplete samples was 1.66 0.08, significantly higher than
the value of 1.42 0.07 found using complete collections. We
assume that the (TF/P)1 is lower in the complete collections
because SNGFR is artifactually increased when the feedback
loop is interrupted by placement of the late proximal oil block.
Proximal absorption was found not to adapt to the increased
SNGFR, but rather remain constant, 10.9 1.84 vs. 11.0 1.37
nl/min. Due to the artificially elevated SNGFR and the lower
(TF/P)1 ratio, the flow entering the loop is overestimated by
complete collections. VLPFF, the late proximal flow rate during
free flow, averages only 17.0 1.42 rather than 26.2 1.79 nIl
mm estimated from complete collections. Nevertheless, this
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Table 2. Effect of tubular blockade on proximal reabsorption and flow rate during the administration of hypertonic sodium chloride
flow rate is still significantly higher than that observed in the
control state.
Hypertonic sodium bicarbonate. In 4 rats, infusion of hyper-
tonic sodium bicarbonate solution increased plasma sodium
concentration from 147 4.2 to 161 1.4 mtvt. Hematocrit,
which averaged 46.0 0.7% in the control phase and 46.8
0.3% in the experimental phase, was not significantly altered. In
contrast to the results with hypertonic sodium chloride, both
whole kidney GFR and distally measured SNGFR increased;
kidney GFR from an average of 0.41 0.02 in control to 0.47
0.04 mI/mm per 100 g of body wt during hypernatremia and
distally determined SNGFR from 33.7 1.92 to 37.8 5.2 nh
mm (Fig. 1 and Table 3). Distal (TFIP)1 ratio was not signifi-
cantly different during sodium bicarbonate infusion. The effect
of hypertonic sodium bicarbonate on proximal reabsorption and
flow rate is summarized in Table 4. Similar to the results with
hypertonic sodium chloride infusions, VLPB increased by more
than 50% from 17.2 2.7 to 27.0 3.6 nI/mm because of a
reduction of proximal reabsorptive rate from 19.4 1.98 to 14.8
1 1 ni/mm The (TF1PL ratios in incomniete nroximal
samples were not different from the complete collections during
both control periods (2.4 0.22 vs. 2.2 0.15) and hypernatre-
mic periods (1.69 0.12 vs. 1.59 0.10). Calculated free-flow
late proximal flow rates were not significantly different from
those determined from collections from blocked tubules during
both control (14.4 1.49 vs. 17.2 2.7 nI/mm) and hypernatre-
mia (22.8 2.51 vs. 27.0 3.57 nI/mm). Again, free-flow late
proximal flow rate, VLPFF, during hypernatremia was signifi-
cantly higher than during control.
Discussion
The infusion of hypertonic saline induces vasodilatation in a
number of tissues and organs [1—7], but the response of the
renal vasculature to this challenge is more complex. Both
increases and decreases in renal blood flow and GFR have been
reported [5, 8, 9, 17—19]. The recent finding that infusion of
hypertonic sodium chloride produced a short-lasting increase of
renal blood flow, followed by a sustained period in which renal
blood flow and GFR were reduced [8, 9], suggests that one
reason for the conflicting results may be the timing of the
Table 1. Effect of the administration of hypertonic sodium chloride on plasma sodium concentration, whole kidney GFR, and SNGFR
measured in the proximal and distal tubules
Control Hypertonic sodium chloride
Sodium
cone,
m'.i
Whole kidney GFR SNGFR
Proximal
ni/mm
Distal
ni/mm
Exp.
no.
Sodium
cone.
mM
Whole
mi/mm
kidney GFR
mi/mini
100 g
body wt
SNGFR
Proximal
ni/mm
Distal
ni/mm
mi/mini
100 g
body
mi/mm wt
1 146 1.38 0.48 36.6 40.5 160 1.11 0.39 41.9 31.4
2 136 1.06 0.38 28.6 30.4 152 0.84 0.30 32.1 23.8
3 156 1.29 0.47 35.0 32.8 159 0.61 0.22 34.6 29.7
4 143 1.07 0.40 41.2 38.6 155 0.96 0.36 47.8 35.4
5 145 1.14 0.50 27.5 22.8 149 1.03 0.45 33.4 22.8
6 147 0.86 0.48 25.5 23.9 153 0.82 0.46 33.7 23.3
Mean 145.5 1.13 0.45 32.7 31.4 154.7 0.90 0.36 37.1 27.9
SEM 2.64 0.07 0.02 2.73 3.01 1.73 0.07 0.04 2.84 2.40
pa <o.oi 0.1 > P> 0.05 <0.05 <0.05 <0.05
Control
TF/P1
VLP J., FR
ni/mm ni/mm %
Hypertonic sodium chloride
TF/P1
J
ni/mm ni/mm FR %
Blocked' 2.10 15.7 17.0 52.0 1.42 26.2 10.9 29
±0.09 ±1.4 ±1.59 ±1.7 ±0.07 ±1.8 ±1.8 ±3
P, control vs.
hypertonic
NaCI <0.001 <0.001 <0.02 <0.001
Freeflowa 2.20
±0.15
13.7
±1.5
15.8
±1.9
53
±4
1.66
±0.08
17.0
±1.4
11.0
±1.4
39
±3
F, control vs.
hypertonic
NaCI 0.1 > P > 0.05 <0.05 <0.05 <0.05
F, blocked vs.
free flow NS NS NS NS <0.00 1 <0.05 NS <0.001
a Values are the means ± SEM.
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Fig. 1. Effect of 0.6 si sodium chloride (left) and 0.6 si sodium
bicarbonate (right) on SNGFR measured in the proximal tubule (open
symbols) and in the distal tubule (closed symbols), on whole kidney
GFR, and on late proximal flow rate in free-flow tubules (VLpt-,4. Mean
values SEM in control and experimental (Exp) periods are given. An
asterisk indicates experimental values significantly different than con-
trol.
observations. Another factor influencing the response may be
the degree of expansion of the extracellular volume produced;
volume expansion with isotonic saline is known both to sup-
press the sensitivity of the tubuloglomerular feedback mecha-
nism [20] and to increase GFR [21]. In the present studies a
small volume of hypertonic solutions (less than 0.5% of body
wt) was infused into the aorta at or above the origin of the renal
arteries, This volume of hypertonic sodium chloride is signifi-
cantly less than that given in a previous micropuncture study in
which GFR was found to rise [18].
Our findings are consistent with the view that the net effect of
hypertonic sodium chloride on filtration rate represents a
balance between competing influences. Infusion of a small
volume of hypertonic sodium chloride induced a reduction of
GFR measured either for the whole kidney or for a single
nephron by distal collections. But, when the flow through the
loop of Henle was interrupted by collecting tubular fluid from
the proximal tubule, GFR rose. It appears that under our
experimental conditions hypertonic sodium chloride exerted a
filtration-rate-increasing effect that was apparent only when
flow past the macula densa was interrupted. When the rnacula
densa control mechanism was intact, a filtration-rate-decreas-
ing effect dominated. Some inhomogeneity in our results sup-
ports the notion that counteracting mechanisms are activated
by infusion of hypertonic sodium chloride. In those studies
(experiments 5 and 6) in which filtration rate decreased the
least, the increase in filtration rate after interrupting distal
delivery was the largest (SNGFR measured in the proximal
tubule rose 43.5% in contrast with the average increase of
10.4% in the other studies). In all studies, distal flow exerted a
filtration-rate-restraining effect.
Nashat, Tappin, and Wilcox have suggested that the infusion
of hypertonic sodium chloride may lead to activation of the
tubuloglomerular feedback mechanism. They speculated that
because plasma hypertonicity is usually a vasodilatatory stimu-
lus, local intrarenal mechanisms must be responsible for the
atypical vasoconstrictive response of the renal vasculature [8].
A number of earlier experimental findings support this possibili-
ty. Hypertonic sodium chloride was found not to produce renal
vasoconstriction in the presence of furosemide [9] or theophyl-
line [19]. Both are agents that block the feedback response [22,
23]. Chronic extracellular fluid expansion produced by the
administration of DOCA and a high salt diet has been found to
inhibit both the vasoconstrictive response to hypertonic sodium
chloride and the feedback mechanism [9, 24]. Furthermore,
vasoconstriction following administration of hypertonic sodium
chloride was not observed during elevation of ureteral pressure
[19]. It is likely that the slowing of tubular flow rate produced
by elevated ureteral pressure interferes with the normal opera-
tion of the tubuloglomerular feedback mechanism. Last, in a
recent study, Johnston et al [25] gave hypertonic sodium
chloride to rats while keeping renal perfusion pressure at 35 to
40 mm Hg and observed a decrease of renal vasculature
resistance rather than the normally observed increase. This
finding may be interpreted as indicating that maintenance of
filtration and thereby of tubular flow past the macula densa cells
is required for hypertonic sodium chloride to exert its vasocon-
strictor action.
The tubuloglomerular feedback mechanism is postulated to
operate as a negative feedback loop. According to the hypothe-
sis, a rise in late proximal flow rate produced by diminished
proximal reabsorption should lead to a fall in GFR. The
decrease in filtration rate should tend to restore late proximal
flow rate towards its initial value, and after a period of
readjustments, a new steady state should be achieved in which
late proximal flow is modestly increased and filtration rate
modestly decreased. Results from microperfusion experiments
support this hypothesis. When the feedback pathway is inter-
rupted and tubular flow rate is varied experimentally by a
microperfusion pipette in the late proximal tubule, increases in
flow result in a fall of the filtration rate of the same glomerulus
[14, 16, 26], The sensitivity of the mechanism in the normal
range of tubular flows in a rat in a control state is such that an
increase of tubular flow of I nI/mm results in a decrease in
filtration rate of between 0.5 and 1 nI/mm [27]. These character-
istics of the glomerular response to microperfusion suggest
certain criteria thai, if fulfilled, would establish a comparable
response of the gloinerulus to a physiologically induced change
in tubular flow rate. First, there should be a change in tubular
flow rate measured without interruption of the feedback path-
40
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Blockeda 2.19
P, control vs.
hypertonic NaHCO1
Free flow
P, control vs.
0.15
hypertonic NaHCO3
P, blocked vs. free flow NS
a Values are the means SEM.
<0.05
NS NS NS
VLI, Jv FR
ni/mm ni/win
27.07 14.8 36.236
<0.05 NS <0.05
NS NS NS
way. We will discuss below evidence that late proximal flow
rate measured with the conventional technique of a blocked
tubule does not accurately reflect the free-flow value. Second,
there should be a change in filtration ratc that occurs with the
feedback loop intact but that is blocked by interrupting the
feedback pathway. As a third criterion, the sensitivity of the
mechanism (that is, the relationship between the change in
tubular flow and the change in SNGFR) should be comparable
to that observed in microperfusion experiments. Alternatively,
a change in feedback sensitivity, which has been observed in
certain experimental conditions [28, 29], should be confirmed
by microperfusion.
Our results fulfill these criteria in support of the hypothesis
that activation of the feedback mechanism is responsible for the
fall in GFR that occurred with administration of hypertonic
sodium chloride, SNGFR measured at distal puncture sites
(that is, with the feedback system intact) fell significantly and
approximately in proportion to the reduction of GFR of the
whole kidney. In contrast, SNGFR measured at proximal
puncture sites, with the feedback system interrupted, in-
creased. Our results suggest that activation of tubuloglomerular
feedback by infusion of hypertonic sodium chloride is caused
by a decrease of proximal fluid reabsorption and the consequent
increased flow entering the loop of Henle. The fall of SNGFR of
3.5 nI/mm associated with an increase of late proximal flow of
3.3 nI/mm corresponds well with the sensitivity seen in previous
rnicroperfusion experiments for this flow range [27].
It is important to note that direct determination of late
proximal flow rate by complete collection of late proximal
tubular fluid can be misleading in a situation in which SNGFR
measured in the proximal tubule differs markedly from SNGFR
measured in the distal tubule. Results summarized in Fig. 2
show that the administration of hypertonic sodium chloride led
to an increase in the rate of fluid collection from the blocked late
proximal tubule from 15,7 to 26.2 nI/mm. It seems unlikely,
however, that this dramatic increase in flow rate reflects the
true free-flow values because SNGFR measured simultaneous-
ly in the same collection showed an increase from 32.7 to 37.1
ni/mm whereas whole kidney and distally measured single
nephron filtration rate fell. To obtain a better estimate of the
free-flow late proximal flow rate, we measured the late proxi-
mal (TF/P)1 ratio with a minimum perturbation of flow past the
macula densa by sampling fluid at a rate considerably less than
the actual flow rate. The (TF/P)1 obtained in these samples was
significantly higher than that found in blocked tubules. These
measurements indicate that the flow entering the loop of Henle
increased from 13.7 to 17.0 nI/mm, considerably less than
estimated from the late proximal flow rate measured in blocked
tubules. These findings have the important general conse-
quence that measurements of proximal reabsorption made with
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Table 3. Effect of the administration of hypertonic sodium bicarbonate on plasma sodium concentration, whole kidney GFR, and SNGFR
measured in the proximal and distal tubules
Control Hypertonic sodium bicarbonate
Whole kidney GFR SNGFR Whole kidney GFR SNGFR
Sodium mi/mini Sodium mn//mini
Exp. cone. /00 g Proximal Distal cone. 100 g Proximal
no. mM mi/mm body wi n//olin nI/mm m mi/mnin body lvi ni/join
154 1.20 0.42 36.5 32.0 163 1.52 0.53 37.6
2 146 1.22 0.42 48.9 36.8 157 1.49 0.51 49.2
3 136 1.16 0.35 30.3 30.4 162 1.21 0.36 38.5
4 154 1.09 0.45 30.7 35.6 161 1.15 0.48 42.1
Mean
pa
147,4 1.17 0.41 36.6 33.7 160.8
<0.05
1.34
0.1 >1' >0.05
Distal
n//loin
36.6
41.3
36.3
35.6
37.852
<0.05
0.47
0.04
<0.05
a Students paired t test
Table 4. Effect of tubular blockade on proximal reabsorption and flow rate (luring the administration of hypertonic sodium bicarbonate
Control Hypertonic sodium bicarbonate
41.9
3.23
NS
V1 J FR
TF/P,,, ni/mw n//mm Y(
2.4
17.2
14.4
NS
19.4
÷2.0
19.2
53,7
÷1.9
57.4
÷2.5
'FF/P
1.59
<0.05
1.69
<0.01
22.8
NS
14.7
<0.05
39.6
±4.7
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Open feedback loop
Control Experimental
17.0
the conventional micropuncture technique of blocking the tu-
bule may be markedly erroneous whenever proximal and distal
SNGFR differ substantially from each other.
The mechanism for the alteration in proximal reabsorption
produced by infusion of hypertonic saline infusion in unclear.
Increases in extracellular sodium concentration have been
associated with decreases in sodium transport in isolated proxi-
mal tubules [30] and in the toad bladder [31], although micro-
puncture measurements in in-situ proximal tubules are contra-
dictory [18, 32—34]. It has been suggested that diminished
sodium transport after an increase in extracellular sodium
concentration could be a consequence of the inhibition of
sodium entry at the luminal membrane [311 or of the inhibition
of Na-K-ATPase mediated extrusion at the basal membrane
[30].
In contrast to the effect of hypertonic sodium chloride
infusion, administration of hypertonic sodium bicarbonate did
not cause kidney GFR or distal SNGFR to fall. These results
agree with earlier reports of an absence of a renal vasoconstric-
tor response to infusion of hypertonic sodium bicarbonate [8].
The explanation for this difference in the response to the two
hypertonic solutions is not clear. Both solutions elevate late
proximal flow rate to a comparable degree. Differences in the
tubuloglomerular feedback response to the same stimulus can
result from changes in feedback sensitivity. A reduced feedback
sensitivity has been noted during expansion of extracellular or
plasma volume [20, 24]. If infusion of hypertonic sodium
bicarbonate were associated with greater increases of extracel-
lular fluid volume than infusions of hypertonic sodium chloride,
then the absence of feedback induced changes during bicarbon-
ate administration could be explained by such a resetting
phenomenon. A greater rise in extracellular volume could result
from different rates of water withdrawal from the intracellular
space in response to the more impermeant sodium bicarbonate.
Although such a difference in extracellular volume cannot be
excluded, its magnitude was apparently too small to be detect-
able as a difference in hematocrit or in plasma sodium concen-
tration. For a resetting phenomenon to be achieved, on the
other hand, rather large degrees of extracellular volume expan-
sion are necessary [20]. A second possibility is that the different
response is a consequence of the fact that sodium chloride and
sodium bicarbonate infusion probably affect the renin-angioten-
sin system differently. Renin secretion has been found to fall
after sodium chloride infusion and to increase with sodium
bicarbonate administration [9, 35]. Nevertheless, because a
correlation between the activity of the renin-angiotensin system
and the responsivity of the feedback system has not been
established [36, 37], it is not clear whether differences in renin
secretion could explain the different responses to the two
solutions.
Lp-B An alternative explanation for the different responses to the
two hypertonic infusions is that differences may exist in the
fluid composition at the macula densa. During sodium chloride
infusion it is likely that the increased late proximal flow induces
an increase of macula densa chloride concentration, which
according to retrograde perfusion studies acts as the local signal
for production of feedback responses [38]. During sodium
bicarbonate infusions, on the other hand, the fluid entering the
loop of Henle may be relatively bicarbonate-rich and chloride-
poor, so that the ascending limb epithelium may be able to
reduce chloride concentrations to normal or possibly even
below normal levels despite the increases in flow rate. A
decrease of early distal chloride concentration from 32 to 18mM
during infusion of a hypertonic sodium bicarbonate solution has
been reported by Malnic, Mello-Aires, and Lacaz-Viera [39]; in
general, the presence of relatively impermeant anions appears
to be associated with reduced distal chloride concentration [401.
To determine whether differences in distal tubular fluid compo-
sition in fact account for the differing responses to hypertonic
sodium chloride and sodium bicarbonate would require an
assessment of ionic concentration at the macula densa cells, a
site that is unfortunately not directly accessible by micropunc-
ture.
Summary. Our results show that infusion of hypertonic
sodium chloride induced a reduction of kidney GFR and distally
measured nephron GFR. In contrast, when the ioop of Henle
flow was interrupted by collecting fluid from a late proximal
tubular site, nephron GFR increased. These data permit the
conclusion that the tubuloglomerular feedback mechanism ex-
erts a filtration-rate-lowering effect in this experimental circum-
stance and counteracts the inherent tendency of hypertonic
solutions to elevate filtration rate. Activation of the feedback
system apparently is achieved by a reduction of the rate of
proximal reabsorption and the subsequent increase of flow
entering the loop of Henle. Thus, infusion of hypertonic sodium
chloride is an example for a situation in which GFR is modified
by the operation of tubuloglomerular feedback during normal
free-flow or closed feedback loop conditions.
Acknowledgments
Results of these experiments were presented in part at the German
Society of Nephrology meeting in Berlin in October, 1979, and at the
American Society of Nephrology meeting in November 1979. This work
was supported by grants from the Deutsche Forschungsgemeinschaft,
the Veterans Administration, the American Heart Association and by
funds contributed in part by the American Heart Association of Greater
Hartford. Josephine Briggs is a fellow of the Alexander von Humboldt
Stiftung. F. S. Wright is a Medical investigator of the Veterans
Administration.
Intact feedback loop
Control Experimental
SNGFR
"LP-FF3.7 SNGFFI "'LP.FF17U
15.8 11.0
SNGFR
'LP-B SNGFR
6.2
Fig. 2. Schematic summary of the effect of an acute infusion of 0.6 si
sodium chloride on SNGFR, absolute proximal reabsorption, and late
proximal flow rate, V,P-F and VI,PB, in the free-flow (upper panel) and
blocked (lower panel) conditions.
468 Schnermann et a!
Reprint requests to Prof. Jürgen Schnermann, Physiologisches
Institut, PettenkoferstraJ3e 12, D-8000 München 2, West Germany
References
I. READ RC, JOHNSON JA, VIcK JA, MEYER MW: Vascular effects of
hypertonic solutions. Circulat Res 8:538—548, 1960
2. GAZITUA S, SCOTT JB, CHOU CC, HADDY FJ: Effect of osmolarity
on canine renal vascular resistance. Am J Physiol 2 17:1216—1223,
1969
3. MELLANDER 5, JOHANSSON B, GRAY S, JOHNS5ON 0, LUNDVALL
J, LJUNG B: The effect of hyperosmolarity on intact and isolated
vascular smooth muscle. Possible role in exercise hypereniia.
Angiologica 4:310—322, 1967
4. STAINSBY WN, BARCLAY JK: Effect of infusions of osmotically
active substances on muscle blood flow and systemic blood pres-
sure. Circ Res 28 (supp l):33—38, 1971
5. SADOWSKI J: Effect of various hypertonic solutions on the renal
blood flow and renal handling of PAH in the dog. Pfluegers Arch
334:85—102, 1972
6. WAHL M, KUSCHINSKY W, BOSSE 0, THURAU K: Dependency of
pial arterial and arteriolar diameter on perivascular osmolarity in
the cat. Circ Res 32:162—169, 1973
7. JONSSON 0: Extracellular osmolarity and vascular smooth muscle
activity. Acta Physiol Scand 359:1—48, 1970
8. NASHAT FS, TAPPIN JW, WILCOX CS: The renal blood flow and the
glomerular filtration rate of anesthetized dogs during acute changes
in plasma sodium concentration. J Physiol 256:731—745, 1976
9. GERBER JO, BRANCH RA, NIE5 AS, HOLLIFIED JW, GERKENS JF:
Influence of hypertonic saline on canine renal blood flow and renin
release. Am J Physiol 237:F44l—446, 1979
10. KAMM DE, LEVINSKY NG: Inhibition of renal tubular sodium
reabsorption by hypernatremia. J C/in Invest 44:1144—1150, 1965
11. THURAU K, SCHNERMANN J: Die Natriumkonzentration an den
Macula densa Zellen als regulierender Faktor fur das Glomerulum-
filtrat. K/in Wschr 43:410—413, 1965
12. BRIGG5 JP, WRIGHT FS: Feedback control of glomerular filtration
rate: site of the effector mechanism. Am J Physiol 236:F40—47, 1979
13. SCHNERMANN J, BRIGGS J, KRIZ W, MOORE L, WRIGHT FS:
Control of glonierular vascular resistance by the tubuloglomerular
feedback mechanism, in Renal Pathophysiologv Recent Advances,
edited by LEAF A, GIEBISCH G, BOLIS L, GORINI S, New York,
Raven Press, 1980, 165—182
14. SCHNERMANN J, WRIGHT FS, DAVIS JM, v. STACKELBERG W,
GRILL G: Regulation of superficial nephron filtration rate by tubulo-
glomerular feedback. Pfluegers Arch 3 18:147—175, 1970
15. SCI-INERMANN J, PERSS0N E, AGERUP B: Tuhulo-glomerular feed-
back. Nonlinear relation between glomerular hydrostatic pressure
and loop of Henle perfusion rate. J C/in Invest 52:862—869, 1973
16, HIERHOLZER K, MULLER-SUUR R, GUTSCHF HU, BUTZ M, LIcH-
TENSTEIN I: Filtration in surface glomeruli as regulated by flow rate
through the loop of Henle. Pfluegers Arch 352:315—337, 1974
17. NAVAR LG, GUYTON AC, LANGSTON JB, Effect of alterations in
plasma osmolarity on renal blood flow and autoregulation. Am J
Physio/ 211:1387—1392, 1966
18. GIEBI5cH G, KLOSE RM, WINDF1AGER E: Micropuncture study of
hypertonic sodium chloride loading in the rat. Am J Physiol
206:687—693, 1964
19. SPIELMAN W: Mechanism of increased renal resistance during
intrarenal infusion of hypertonic saline. Fed Proc 38: 1313, 1978
20. PERSSON AEG, SCHNERMANN J, WRIGHT FS: Modification of
feedback influence on glomerular filtration rate by acute isotonic
extracellular volume expansion. Pfluegers Arch 381:99—105, 1979
21. DAUGNARTY TM, UEKI IF, NICHOLAS DP, BRENNER BM: Compar-
ative renal effects of isoncotic and colloid-free volume expansion in
the rat. Am J Physiol 222:225—235, 1972
22. WRIGHT FS, SCIINERMANN J: Interference with feedback control of
glomerular filtration rate by furosemide, triflocin and cyanide. J
Clin Invest 53:1—695—1708, 1974
23. SCHNERMANN J, OSSWALD H, HERMLE M: Inhibitory effect of
methylxanthines on feedback control of glomerular filtration rate in
the rat kidney. Pfluegers Arch 369:39—48, 1977
24. SCHNERMANN J, HERMLE M, SCHMIDMEIER E, DAHLHEIM H:
Impaired potency for feedback regulation of glomerular filtration
rate in DOCA escaped rats. Pfluegers Arch 358:325—338, 1975
25. JOHNSTON PA, BERNARD DB, DONOHOE JF, PERRIN NS,
LEVINSEY NG: Effect of volume expansion on hemodynamics of
the hypoperfused rat kidney. J C/in Invest 64:550—558, 1979
26. BELL PB, MCLEAN CB, NA VAR LG: Distal tubular fluid composi-
tion and tubuloglomerular feedback responses during perfusion
with chloride and non-chloride containing solution. Kidney mt
16:806, 1979
27. SCHNERMANN J: The role of the juxtaglomerular apparatus in single
nephron function, in New Aspects of Rena! Function, Workshop
Conferences Hoechst, Vol. 6, edited by VOGEL FIG, ULLRICH KJ,
Amsterdam-Oxford, Excerpta Medica, 1978, 189—107
28. Day B, DRESCHER C, SCHNERMANN J: Resetting of tubulo-glomer-
ular feedback sensitivity by dietary salt intake, Pfluegers Arch
346:263—277, 1974
29. PERSSON AEG, MOLLER-SUUR R, SELEN G: Peritubular capillary
oncotic pressure as a modifier of tubulo-glomerular feedback. Am J
Physio! 326:F97—F102, 1979
30. CORMAN B, CARRIERE S, LE GRIMELLEC C, CARDINAL J: Proximal
tubular response to variation in extra cellular sodium concentra-
tion. Am J Physio/ 238:F256—260, 1980
31. BENTLEY PJ, CANDIA OA, PARISI A, SALADINO AJ: Effect of
hyperosmolarity on transmural sodium transport in the toad blatter
Am J Physiol 225:818—824, 1973
32. BALDAMUS CA, HIERHOLZER K, RUMRICH 0, STOLTE H, UHLICH
E, ULLRICH KJ, WIEDERHOLT M: Natriumtransport in den proxi-
malen Tubuli und den Sammelrohen bei Variation der Natriumkon-
zentration in umgebenden Interstitium. Pfluegers Arch 3 10:354—
368, 1969
33. DIRKS JH, SEELY JF: Effect of saline infusion and furosemide on
the dog distal nephron. Am J Physiol 219:114—121, 1970
34. BAKER JT, SOLOMON 5: Maturation of the renal response to
hypertonic sodium chloride loading in rats: Micropuncture and
clearance studies. J Physiol 258:83—95, 1976
35. KIRCHNER KA, KOTCHEN TA, GALLA JH, LUKE RG: Importance
of chloride for acute inhibition of renin by sodium chloride. Am J
Physio/ 235:F444—450, 1978
36. MOORE LC, YARIMIZU S, SCHUBERT G, WEBER PC, SCHNERMANN
J: Dynamics of tubulo-glomerular feedback adaptation to acute and
chronic changes in body fluid volume. Ifluegers Arch 387:39—45,
1980
37. WRIGHT FS, BRIGGS JP: Feedback control of glomerular blood
flow, pressure and filtration rate. Physio/ Rev 59:958—l006, 1979
38. SCHNERMANN J, PLOTH DW, HERMLE M: Activation of tubulo-
glomerular feedback by chloride transport. Pfluegers Arch
362:229—240, 1976
39. MALNIC G, MELLO-AIRES A, LACAZ-VIERA F: Chloride excretion
in nephrons of raI kidney during alterations of acid-base equilibri-
um. Am J Physiol 218:20-29, 1970
40. RECTOR D, CLAPP JP: Evidence for active chloride reabsorption in
the distal tubule of the rat. J C/in Invest 41:101—108, 1962
